Abstract. The extracellular fluid space is the site of intercellular communication and represents an important source of mediators that can shed light on the parenchymal environment. Sampling of this compartment using continuous microdialysis allows assessment of the temporal changes in extracellular mediators involved in tissue homeostasis and disease processes. However, novel biomarker identification is limited by the current need to utilize specific, targeted molecular assays. The aim of our study was to explore the use of qualitative and quantitative proteomic approaches to define the protein content of dermal dialysate. Timed dermal dialysate samples were collected from healthy human volunteers for 5 h following probe insertion, using a 3,000-kDa MWCO membrane perfused at a rate of 3 μl/min. Dialysate proteins were identified using GeLC-MS/MS and iTRAQ approaches and functions assigned according to the Gene Ontology classification system. More than 80 proteins (size range 11-516 kDa) originating from both extracellular and intracellular fluid space were identified using the qualitative approach of GeLC-MS/MS. Quantitative iTRAQ data were obtained for 27 proteins with relative change ratios between consecutive timed samples showing changes of >1.5-fold. Interstitial proteins can be identified and measured using shotgun proteomic techniques and changes detected during the acute inflammatory response. Our findings provide a platform from which to explore novel protein biomarkers and their modulation in health and disease.
INTRODUCTION
Microdialysis sampling is a well-established and widely accepted method for the in vivo collection of solutes from a number of complex matrices but principally from the extracellular fluid space. It involves implantation and perfusion of a small porous hollow fibre dialysis membrane into the tissue which allows the exchange of fluid and dissolved solutes between the tissue space and the perfusion fluid across the membrane, via diffusion and ultrafiltration. This provides a relatively analytically clean sample that requires little to no further treatment before analysis. For this reason, microdialysis sampling has become a standard technique in many laboratories to explore the mediator mechanisms of physiological and pathological tissue events.
Microdialysis has been used to recover a wide range of molecules from both animal and human tissues, including the skin (1), brain (2, 3) , liver (4) and eye (5) . In the skin, it is frequently used to study the mechanisms driving inflammation, coupled with cytokine arrays or ELISAs to quantify the recovery of specific targets (6) . With the increase in availability of proteomics technologies, it has now become possible to measure multiple proteins that have not been specifically targeted, e.g. for biomarker discovery and to reveal proteins involved in specific processes. Proteomic analysis of dialysate from human brain has revealed a small number of proteins, the majority of which were acute phase proteins, with ten specific to the brain as compared with cerebral spinal fluid (3). In skin, proteomic analysis of tissue fluid extracted from biopsy samples or suction blister fluid (7-9) has predominantly identified proteins that are abundant in plasma, including members of Electronic supplementary material The online version of this article (doi:10.1208/s12248-011-9269-6) contains supplementary material, which is available to authorized users.
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the albumin and apolipoprotein families and other proteins involved associated with the acute phase of inflammation, as well as structural proteins such as keratins and collagen. To date, there have been no proteomic analyses of human dermal dialysate samples. The primary aim of this study was to apply qualitative proteomic profiling using GeLC-MS/MS (10, 11) and quantitative (iTRAQ) protein identification (12) to define the principal components in dermal dialysate and to explore their temporal changes during the acute inflammatory response in skin. In the former method, proteins are separated by conventional 1-D gel electrophoresis prior to in situ trypsin treatment. The resulting tryptic peptides are recovered, separated by nanoscale liquid chromatography (nano-LC) and identified by tandem MS and database searching. In the second approach, tryptic peptides are labelled at their primary amines with specific isobaric tags. The labelled peptides are then combined, fractionated and identified by tandem MS. Because the tags release reporter ions into a region of the mass spectrum that is chemically silent with respect to amino acids and peptides, it is also possible to obtain quantitative information on the peptides and hence the proteins from which they originate.
One concern with determining the proteome of dermal dialysate is the expected dynamic range of protein expression. In particular, it is possible that highly abundant plasma proteins, e. g. immunoglobulins and serum albumin, may interfere with the detection of less abundant proteins. It is unknown whether this is likely to be a problem in profiling the proteome of dialysate from skin. However, given that serum albumin is estimated to comprise approximately 70% of the total protein in cerebral (3) and dermal (13) dialysate, this is likely. Thus, a second aim of our study is to explore approaches by which less abundant proteins in dermal dialysate may best be quantified by mass spectrometry. The combination of these methodologies should provide a novel and informative approach to the understanding of the healthy skin proteome and give a baseline to which studies of skin pathologies can be compared and molecular mechanisms explored.
MATERIALS AND METHODS

Study Participants
Healthy male volunteers were recruited from the staff and students of the University of Southampton (n=38, age range 18-40 years). The study was conducted using healthy volunteers and was approved by the Southampton and South West Hampshire Research Ethics Committee (REC 346/03/t and 06/Q1702/7) and registered with Southampton University Hospitals NHS Trust R&D Department (RHM HOS0157) in accordance with the uniform guidelines from the World Medical Association (www.wma.net/e/policy/b3.htm). All volunteers gave informed written consent.
Microdialysis
Up to six linear microdialysis probes (3,000 kDa molecular weight cut-off, polyethersulphone membrane, Asahi Medical) were inserted intra-dermally using a guide cannula into the anaesthetized skin (EMLA cream, 2.5% prilocaine, 2.5% lidocaine, Astra Pharmaceuticals, Kings Langley, UK) of the non-dominant volar forearm. Each membrane ran for a length of 20 mm, at a depth of approximately 0.7 mm and was perfused with physiological saline (Ringer's Saline, 8 . Dialysate was collected into weighed plastic vials snap frozen in liquid nitrogen and then stored at −80°C prior to analysis. Figure 1 shows the protocols used to obtain dialysate for (a) assessment of total protein recovery and for qualitative proteomic profiling using GeLC-MS/MS and (b) quantitative (iTRAQ) protein identification.
In Vitro Assessment of Relative Recovery
The relative recovery of the microdialysis probe membrane was assessed in vitro in a 5 ml bath containing 10 mg ml −1 human serum albumin (66 kDa) in Ringer's saline. Probes were perfused at 3 μl min −1 with Ringer's saline and 3×30-min samples collected. Protein concentration in these samples and bath samples was estimated using the Bio-Rad DC assay (BioRad, Hertfordshire, UK), based on the Lowry method. Relative recovery was calculated as RR ¼ ½C dilaysate =C bath Â 100 and was 10.5±3.1% (mean ± SEM, n=11).
Estimation of Protein Concentration for Mass Spectroscopy
The protein concentration of the dialysate samples was determined using a bicinchoninic acid (BCA) method (14, 15) , using a kit from Sigma-Aldrich (Catalogue number: BCA-1).
Qualitative Assessment of Dialysate Protein Content Using Gelc-MS/MS
1-D SDS-PAGE. Two hundred fifty micrograms of protein from dialysate (30-150-min collection period) was denatured for 10 min at 70°C in final sample buffer containing 10 mM dithiothreitol. The denatured samples were resolved in a NuPage 4-12% Bis-Tris Gel (Invitrogen) at 200 V for approximately 45 min. The gels were stained with Colloidal Coomassie Blue (Bio-Rad) for 1 h at room temperature and developed overnight in deionised water.
Sample preparation for GeLC-MS/MS studies. Following SDS-PAGE of dialysate proteins and staining with Colloidal Coomassie Blue, gel tracks (7 cm length) were excised, cut into 25 equal-sized pieces and subjected to in situ trypsin digestion overnight at 37°C (16) (see supplementary methods for further details). The resulting peptides were extracted and separated by nanocapillary liquid chromatography (LC) prior to tandem mass spectrometry, performed as described previously (11, 17) .
Immuno-depletion to remove highly abundant proteins. The six most abundant proteins found in plasma are albumin, IgG, IgA, transferrin, haptoglobin and alpha-1-antitrypsin and account for 90-95% of the total protein in dialysate. These were removed by immunodepletion chromatography (Multiple Affinity Removal Column HU-6, 4.6-mm inner diameter (ID) × 100 mm; Agilent, Wilmington, DE). The immunodepletion column was equilibrated in Buffer A for 10 min at a flow rate of 200 μl min Dialysate samples collected between 60-150 min (early) and 300-390 min (late) after insertion were labelled in separate duplex iTRAQ™ experiments. To each sample containing ∼100 μg of protein per sample in ≤34 μl of 0.5 M triethylammonium bicarbonate, 1 μl of 2% SDS and 2 μl of the reducing agent, 50 mM (tris-(2-carboxyethyl)) phosphine was added and mixed. Samples were incubated at 60°C for 1 h. Methyl methane-thiosulfonate in isopropanol (1 μl of 200 mM) was then added and incubated for a further 10 min at room temperature. Proteins were digested by adding 10 μl of 1 mg ml −1 trypsin in 80 mM CaCl 2 . Samples were incubated for 16 h at 37°C. Labeling of tryptic peptides with iTRAQ™ tags was achieved by mixing the contents of the appropriate reagent vial with the relevant sample and incubation at room temperature for 1 h. Samples taken from the early time-point were labelled with isobaric tag 114, and those from the late time-point were labelled with isobaric tag 116; they were then combined and lyophilized in vacuo.
iTRAQ™ Sample preparation prior to MS. The combined iTRAQ™ peptide mixtures were separated by reverse phase chromatography using a Dionex Ultimate LC system and Jupiter C18 RP column (2.1 mm ID × 250 mm, 4 μm; Phenomenex). Samples were solubilised in 500 μl of solvent (5% (v/v) acetonitrile, 0.1% formic acid) and loaded onto the column using a 500-μl loop. The loaded sample was injected and washed with the solvent for 20 min at 200 μl min −1 to remove excess reagent. Peptides were eluted with a linear gradient of 0-80% using a second solvent (95% acetonitrile, 0.1% formic acid) at 200 μl min −1 with fractions collected at 1-min intervals. Peptide elution was monitored at 214, 235 and 280 nm. Fractions were lyophilised and each re-suspended in 10 μl of 10% acetonitrile containing 0.1% formic acid prior to analysis by nano-LC-MS/MS.
M a s s S p e c t ro m e t r y D a t a A n a l y s i s a n d Prot e i n Annotation
MASCOT Searches. Peak lists were submitted to the MASCOT search engine version 2.2.04 (MatrixScience) and the data searched against the human NCBInr protein sequence database containing 40,877 protein sequences (accessed December 2007). A maximum of one missed cleavage was allowed for tryptic digestion while the allowed fixed and variable modifications were carboxyamidomethylation of cysteine and the oxidation of methionine, respectively.
Annotation of the Identified Proteins. UniProt identifiers were assigned to identified proteins using the open-access Fig. 1 . Dialysate collection protocols. Protocol a was used to determine the time course of protein recovery during continuous perfusion (timed 30 min samples) and for qualitative analysis using GeLC-MS/ MS (pooled samples collected between 30 and 150 min). Protocol b was used to collect dialysate from an early (60-150 min) and a late (300-390 min) time point for temporal analysis of protein content using iTRAQ. Periods over which dialysate was collected are represented by grey bars Protein Identifier Cross Reference service available from EBI at http://www.ebi.ac.uk/Tools/picr/, the search was limited to human proteins and was mapped to the Swiss-Prot and TrEMBL databases. Each UniProt identifier was then searched manually against the AmiGO database using the GO Term Mapper tool (http://go.princeton.edu/cgi-bin/ GOTermMapper), searching the list of UniProt IDs against the goa_human (GOA GO Slim) database for biological process terms.
iTRAQ Data Analysis. Peak lists obtained from the MS analysis of skin microdialysate were submitted to the MASCOT search engine version 2.2.04 (MatrixScience) and the data searched against a SwissProt human protein sequence database for peptide identification (accessed May 2008, 17659 sequence entries). The corresponding quantitative information using the iTRAQ™ reporter ions was obtained via MASCOT version 2.2.04. Search criteria included allowing a maximum of one missed cleavage for tryptic digestion and allowed fixed modifications of methyl methane-thiosulfonation of cysteine and modification of the N terminus and lysine side chains using the iTRAQ™ 4-plex reagent (Applied Biosystems). Variable modification for the oxidation of methionine and iTRAQ™ modification of tyrosine were also allowed. Precursor ion and sequence ion mass tolerances were set at 100 ppm and 0.2 Da, respectively. The proteomic data generated during the course of these studies is freely available from the authors and is currently being submitted to the PRIDE repository (www.ebi.ac.uk/pride).
Statistical Analysis
Statistical analysis was performed using GraphPad Prism software (version 5, GraphPad Software Inc). One-way ANOVA with Bonferroni multiple comparisons post-test was used to compare the total protein in the 30 min in vivo dialysate collections and to determine whether there was a significant change in protein recovery over the 3-h period studied. The combined list of protein IDs identified from GeLC-MS/MS whole and depleted samples was compared to the Homo sapiens background provided in the Database for Annotation, Visualization and Integrated Discovery (DAVID) database for enrichment analysis. Functional clustering was performed using DAVID 6.7 (18, 19) with the medium classification settings and functional annotation categories limited to GO ontology terms, biological process, molecular function and Cellular component and KEGG pathways (20) . Multiple testing correction was performed using the Bonferroni correction implemented in the software. The mean, standard error and coefficient of variance (CV) were calculated for the ratio between the late and early samples for each protein and mean values converted into fold-change (see supplementary methods for further details).
RESULTS
Time Course of Continuous Total Protein Recovery
The total protein recovery in timed 30-min collections during continuous microdialysis is shown in Fig. 2 . The protein concentration was highest in the first 30-min sample (p<0.0001, repeat measures ANOVA). The average protein concentration (0.83±0.3 mg/ml; mean ± SD, n=5 volunteers) was similar to that described previously (13, 21, 22) 
Protein Content of Dermal Dialysate is Dominated by Serum Albumin
Qualitative proteomic analysis was performed on pooled dialysate collected over a period of 120 min from four probes from two volunteers. The total amount of protein in the pooled dialysate sample was 1.8±0.1 mg. 1-D SDS-PAGE showed several distinct bands, including a large band at 66 kDa corresponding to the molecular weight of human serum albumin (Fig. 3) . To confirm their identities, gel slices were excised and digested in situ with trypsin. The resulting tryptic peptides were recovered, separated by nano-scale liquid chromatography (nano-LC) and identified by tandem MS and database searching using MASCOT and the NCBInr database. This GeLC-MS/MS analysis identified six proteins: serum albumin, alpha-2-macroglobulin, ceruloplasmin, complement component 3, hemopexin and transferrin (see supplementary data, Table 1 ). 
Immuno-Depletion of Highly Abundant Components Revealed a Further 25 Proteins
To reveal less abundantly expressed proteins, a second pooled dialysate sample was depleted of the six most abundant proteins (albumin, anti-trypsin, haptoglobin, IgA, IgG and transferrin). Removal of these proteins reduced the protein content of the sample by 85% but revealed several distinct bands on the gel, previously obscured by serum albumin (Fig. 3) . A further 25 proteins were identified in this depleted dialysate sample (Table I and Supplementary data,  Table 1 ), a 4.8-fold increase over that identified in the non depleted pooled sample. The sizes of the identified proteins ranged from 15.9 to 188.5 kDa, indicating that dermal dialysates contain proteins across most of the molecular weight spectrum. Analysis of the proteins' cellular compartment of origin indicated that proteins were derived from both intra-and extracellular sources, although it cannot be shown whether the intracellular proteins were released actively or passively due to damage or apoptosis.
None of the proteins specifically removed by depletion were identified in the treated sample, showing the depletion protocol to be very efficient. The proteins identified in the depleted sample were predominantly those found in high levels in plasma, including complement proteins and protease inhibitors.
Functional Classifications Suggests Many of the Proteins are Associated with the Response to Injury
An enrichment analysis performed using a modified Fishers Exact Test implemented in the DAVID software (ver 6.7) (18,19) was used to determine significant functional terms from the identified proteins. The terms identified from the enrichment analysis are shown in Supplementary Table 2 as functionally clustered groups based on the commonality of their shared proteins as defined by DAVID 6.7. The most significantly enriched biological processes included acute inflammatory response (Bonferroni corrected P value 5× 10 −10 ) and regulation of response to external stimuli (Bonferroni corrected P value 4.2×10 −8
) terms. In keeping with the dialysate sample, the most significantly enriched cellular compartment term reported was associated with the extracellular space. Furthermore, the same analysis performed on the KEGG pathway database showed a significant enrichment (43-fold enrichment, Bonferroni corrected P value 1.5× 10 −8 ) for the Complement and Coagulation Cascade pathway in keeping with a response to injury (Fig. 4) .
Quantitative Analysis Shows Changes in the Expression of Several Proteins
To avoid the significant loss of protein from the dialysate sample caused by depletion, iTRAQ labelling was performed on non-depleted samples. A total of 274,533 mass spectra from 23 volunteers led to the identification of 7,791 peptides that were assigned to 89 proteins. The proteins range in mass from 11-516 kDa, and the pIs range from 4.5-9.5 (raw iTRAQ data for each sample, along with associated statistics are available in supplementary data, Table 3 ). Table II shows the mean fold change of 34 proteins between the early and late samples, where quantitative data were available from ≥3 participants (n=23 volunteers). Two proteins (apolipoprotein A-II and Zinc-alpha-2-glycoprotein precursor) showed an upregulation of more than 1.5-fold, while three proteins showed more than 1.5-fold down-regulation (vitamin-D binding protein, alpha-1-antichymotrypsin and ceruloplasmin).
DISCUSSION
This study gives the first report of the proteome of healthy human dermal dialysate and shows that highly abundant plasma proteins comprise approximately 85% of this fluid. Once these were removed, a further 25 proteins were revealed by GeLC-MS/MS, many with functions associated with the response to injury. A total of 89 proteins were assigned in the iTRAQ analysis, although many were variants of those identified in the GeLC-MS/MS experiments. Analysis of the changes in protein ratios between the early and late samples, 60-150 and 300-390 min after probe insertion respectively, showed changes in the recovery of several proteins. Further, our study provides evidence that such proteomic approaches can be used to investigate the protein content of dermal dialysate with a view to identifying novel biomarkers of the response to injury.
The amount of protein recovered from the interstitial space was low compared to other more commonly studied biological fluids such as plasma. It was similar to that recovered previously using membranes of similar molecular weight cut-off (21, 22) . The reduced microdialystae total protein concentration is in part due not only to the relatively lower concentration of the abundant proteins in the inter- Fig. 3 . One-dimensional SDS-PAGE of dialysate before and after depletion. Gel image showing the profile obtained from dialysate before depletion and the two fractions obtained following depletion; the high-abundance fraction containing the proteins removed and the low-abundance, depleted fraction stitium but also to the extraction efficiency of the microdialysis membrane (13) . The use of a 3,000-kDa molecular weight cut-off membrane at a perfusion rate of 3 μl min −1 represents the best compromise between sample concentration and volume, giving the optimal protein recovery of 10.5±3.1% (23) . It should also be noted that using a shotgun proteomic approach, we were only able to detect proteins in the nanograms per millilitre and greater concentration range. We were unable to detect important signalling molecules such as the cytokines and wound healing peptides found at lower concentrations that we and others have shown to be present immediately after wounding using other analytical approaches (1, 3, 6, 24) . It is likely that a number of components will have been removed during depletion, especially given the carrier functions of the highly abundant proteins. At this time, depletion remains the 'least worst' option, as without it, the identification capacity of the instrumentation is taken up analyzing fragments of the most abundant proteins, as demonstrated by our initial analysis of non-depleted dialysate. Our experiments show that it is possible to obtain sufficient protein from dialysate to enable one-off and temporal analyses of tissue status, and this situation will improve as the sensitivity of proteome analyses develops.
The use of shotgun proteomics technology has enabled an assessment of molecular changes that occur following the insertion of a microdialysis probe and the measurement of components that may not have otherwise been considered. Proteomics provides a step further on from gene and mRNA analysis, allowing study of the ultimate effectors of essentially all cellular processes. This is of advantage, because of the reported disparity between mRNA and proteins levels (25, 26) and also allows analysis of biological fluids with multiple sources from which there is no directly associated genome.
Reports of the proteome of dermal interstitial fluid, as sampled using suction blister techniques, give some indication of the different classes of proteins that can be found within the intercellular space (8) . While this is a more protein-rich fluid, it is derived from a single injury event that can only be sampled once and thus cannot provide a description of changes within the same wound over time. Unfortunately, the full proteome of suction blister fluid has not yet been published, making a direct comparison between the two fluids impossible at this time.
The high proportion of plasma proteins identified suggests a considerable extravasation of protein during probe insertion and injury. However, the profile of dialysate is different to plasma (27) , with several of the most abundant plasma proteins, and key systemic inflammatory markers (e.g. serum amyloid, C-reactive protein) not detected. The absence of such proteins may be explained by their large size (Creactive protein forms a pentamer of 105 kDa) which may cause them to be retained by the dialysis membrane. However, it is surprising that no low molecular weight fragments were detected (28) . This suggests that dialysate is an independent type of sample that offers a representative view of the tissue fluid.
Comparison of the protein profiles of dialysate obtained from the skin and from the brain also showed differences. Eight of the proteins found in cerebral microdialysate (2) were not present in dermal dialysate, while 15 proteins were found in dermal dialysate by GeLC-MS/MS but were not reported in cerebral dialysate. This may be a reflection of the difference in composition of the dialysate from the two locations, analysis protocols and instrumentation, or could be a result of a differing response to the probe insertion trauma. Several recent publications have reported on the trauma that is caused following the insertion of microdialysis probes (1, 6, 24, 29) ; and that this is long-lasting (6, 24, 30) . All arise from the specific, targeted analyses of components that are expected to be involved, rather than exploring unknowns that may enhance the current understanding of the processes involved. In the current study, the functional vocabulary associated with each protein shows that an injury response occurs and gives a useful first insight into the processes that may be occurring in response to the trauma caused by probe insertion. Proteins involved in response to stimulus, cellular and molecular transport, and responses to other organisms were proportionally over-represented, compared to the frequency with which these terms occur within the database of annotated proteins. This suggests a bias towards proteins relevant to the injury process within dialysate. Examples of such proteins include the serine anti-proteases, which may be involved in regulating the activity of proteases released either to facilitate removal of wound debris, or as a result of cellular damage.
At the very early stage in the response to an injury under investigation (60-150 min after wounding), the proteome may be dominated by acute phase reactants and anti-microbial peptides that act to prevent an infection (31) . Quantitative analysis to assess the changes in dialysate protein content between the early and late samples uncovered five proteins that exhibited a >1.5-fold change: apolipoprotein A-II (apo A-II), alpha-1-antichymotrypsin, ceruloplasmin, vitamin-D binding protein and Zinc-alpha-2-glycoprotein precursor. The increase in recovery of apo A-II is of particular interest, as it has been hypothesised to augment the monocyte response to bacterial lipopolysaccharide and thus acts as an anti-microbial agent (32) . Equally, the reduction in alpha-1-antichymotrypsin is of relevance, as it is an inhibitor of proteases including chymotrypsin and MMP-9. These are known to be involved in wound debridement and extracellular matrix degradation necessary for the influx of inflammatory cells and later, tissue re-modelling (33) .
Vitamin-D binding protein was the only component to be reduced in all volunteers from whom it was recovered. Vitamin D is known to enhance the innate inflammatory response through up-regulating the anti-microbial peptide cathelecidin, so it may be expected that it would be up-regulated following injury. Furthermore, this protein is also involved in actin clearance from necrotic cells, preventing unwanted disseminated intravascular coagulation and, following specific deglycosylation, becomes a macrophage activating factor, reviewed by (34) . However, it was reduced in the second dialysate sample collected 300-390 min (late) after wounding and is known to be reduced during inflammation, perhaps converse to expectation. The review by Meier et al. (34) offers an interesting explanation for this observed reduction; the half-life of actin-bound vitamin-D binding protein in vivo is approximately 30 min, compared to 24 h in the free form. With such a quick turnover and 90-min collection periods, it is entirely possible that the protein binds actin and is removed faster that it can be sampled, thus appearing to be reduced in dialysate.
CONCLUSIONS
In summary, the combination of microdialysis and proteomics has the potential to identify relevant, novel markers of injury and inflammatory. However, the low concentration of protein within this biological fluid makes identification of less abundant components difficult. Despite this challenge, both qualitative and quantitative data were obtained which show changes consistent with an injury response can be measured using these technologies. Furthermore, it has been possible to study tissue status dynamically, which cannot be achieved with sequential biopsies and other discontinuous sampling methods.
